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High-Cycle Fatigue (HCF) failure, caused by forced response vibrations, is the predominant
problem in new aircraft engines. In the future, high-speed engines will have fewer
turbomachinery stages with higher loadings to reduce weight. The increased interactions
between compressor and turbine stages due to reduced blade row spacing will lead to
increased forced vibration response problems that will result in more HCF failures.
Numerical modeling is the key to understanding and avoiding such multi-stage aeroelastic
problems in the design and development stage. In the future, to reduce launch costs of re-
usable launch vehicles, rocket turbopumps will be built to withstand many flights before
requiring major maintenance or overhauling. An accurate prediction of the unsteady loads
and dynamic stresses on the blading will be necessary to correctly predict the HCF life of
these turbomachinery components.

The first step in the current effort was to assess the existing capability to perform aeroelastic
calculations for a turbomachinery stage. With this objective, an industry configuration was
identified which had encountered aeroelastic problem during initial design. This was a high-
pressure (HP) turbine that experienced high dynamic stresses in an initial design. The
stresses were reduced to acceptable levels in the final design by increasing the axial gap
between the vanes and rotor blades.

The TURBO-AE code was used to perform the analysis. Code modifications were made to
compute the unsteady aerodynamic (pressure and viscous) forces acting on the blade
surfaces. To perform the computations for this stage using periodic boundary conditions in
the blade-to-blade direction would require the modeling of 41 stators passages and 78 rotor
passages. It was determined that the computational resources would not be available to
perform the calculation in this manner. The modeled geometry was changed to have 39
stators and 78 rotors with an appropriate scaling of the stator pitch. It was now possible to
compute the unsteady flowfield using one stator passage and two rotor passages.

After the completion of these initial computations, a second effort was made to use time-shift
periodic boundary conditions in a later version of the TURBO-AE code to model the
unmodified geometry (41 stators and 78 rotors). With the time-shift periodic boundary
conditions, it was possible to model the original unmodified HP turbine geometry with only
one stator passage and one rotor passage included in the computations. The newer version of
the TURBO-AE code was modified to include the computation of unsteady aerodynamic
forces.
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Two configurations were analyzed with different axial spacing between blade rows. Three
operating conditions were analyzed corresponding to the resonant crossings of modes 2, 3,
and 4 on the Campbell diagram for each of the two configurations. Flowfield visualization
was done that showed the viscous wake from the upstream vanes was the source of the
unsteady excitations on the rotors. The steady and unsteady blade surface pressure
distributions were compared in detail with the measurements acquired by other researchers in
a short duration test facility. All these results were documented in Ref. 1. As part of this
work, detailed sensitivity studies were also performed to ensure that the numerical results
were not unduly influenced by the choice of various numerical inputs. Also, the results
obtained from the TURBO-AE code were compared with results from the UNSFLO code in
collaboration with industry partners.

The next step in this effort was to combine the forcing functions, obtained in the preceding
effort, with separate calculations of aerodynamic damping to determine the strain in the rotor
blades. This work was done in collaboration with industry partners and the calculated blade
strains were compared with measurements obtained by other researchers in the short duration
facility. This work has been documented in Ref. 2.

At the conclusion of this work, the forced response calculations have been performed using
the TURBO-AE code with a single turbomachinery stage being modeled. The significant
computational effort required to extend these calculations with TURBO-AE to multiple blade
rows can be accomplished using the parallel version of the TURBO code that has been
developed by other researchers. This work will be attempted in future efforts.
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Comparisons of Experimental and Computational
Forced Response in a High Pressure Turbine

J. Panovsky and J. Liu, Honeywell Aerospace
Milind A. Bakhle, University of Toledo

Abstract

Forced vibrations in turbomachinery components can cause blades to crack or fail due to
High Cycle Fatigue. In recent years, computational fluid dynamics (CFD) methods have
become available that can model the unsteady aerodynamics which provide the driving
mechanism for the vibration. However, thorough validation of these unsteady CFD
codes is required before they can be relied on for production design analysis. In this pa-
per, predictions from the CFD code TURBO are compared to experimental results for a
high pressure turbine blade excited by the upstream vane. TURBO is a 3D, unsteady,
multiple blade row Navier-Stokes code developed at Mississippi State University. The
test data was generated in the Gas Turbine Laboratory at Ohio State University through
a GUlde Consortium project. The turbine blade of interest experienced high vibratory
strains until a re-design effort increased the axial spacing between the vane and the
blade. The results presented include comparisons of unsteady pressure on the blade
surface as well as vibratory response levels at two axial spacings for several modes en-
countered. Predictions of aero damping for these modes are also compared to measure-
ments made during the forced response tests.

Introduction

High Cycle Fatigue (HCF) continues to be a significant problem in gas turbine engines,
and forced response vibrations due to unsteady aerodynamic excitations from adjacent
blade rows are a major cause of blade failures. Modern turbomachinery blade designs
have higher pressure ratios and smaller axial gap between blade rows, which can cause an
increase in forced response problems. These problems, which are often not discovered
until late in the engine development cycle, can adversely affect the development cost,
maintenance cost, and durability of gas turbine engines. In addition, the safety and readi-

ness of aircraft can be compromised by HCF problems related to forced response in air-
craft engines.
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As an example of forced response in actual engines, the high-pressure turbine blades in a
small turbofan engine had an unexpectedly high failure rate in early production. The
cause of these failures was identified as forced response resulting from the vortical exci-
tations from vane wakes. The vane count resulted in the excitation of the 2™ torsion
mode in the operating range. The problem was remedied by increasing the axial spacing
between the stator and the rotor from 32% to 46% of axial chord. This change led to a
50% reduction in the vibratory strain and the engine with the modified high-pressure tur-
bine stage is widely used in business jet applications today without any safety or durabil-
ity concerns.

Although the Campbell diagram can identify regions of potential problems, the actual
magnitude of the aerodynamic excitation and the resulting blade vibratory response can
only be obtained from experimental testing or unsteady aerodynamic and structural mod-
eling. Without such information, it is impossible to determine whether a particular
crossing on the Campbell diagram will result in problems. With recent advances in CFD
modeling techniques and increased availability of computational resources, it is now pos-
sible to model a turbine stage in considerable detail. Such modeling, which includes
three dimensional and viscous effects, can provide details of the unsteady flow phenom-
ena and yield the aerodynamic excitation to calculate the blade vibratory response. How-
ever, validation of such CFD-based models requires unsteady aerodynamic and vibration
response data.

The turbine stage mentioned previously was recently tested in a short duration test facil-
ity (shock tunnel) in the Gas Turbine Laboratory at the Ohio State University under a
contract from the GUIde Consortium (Kielb et al., 2001a, 2001b). The acquired data in-
cludes measurements of the unsteady pressure on the blade surfaces and the vibratory
strain of the blades due to excitations from upstream vanes at various operating speeds
and conditions. The data set includes measurements at two different axial gaps between
the stator and the rotor. In addition, separate testing using piezoelectric actuators was
done in vacuum to measure the mechanical damping present. Unfortunately, an irrecov-
erable loss of the on-blade instrumentation occurred before unsteady pressure data could
be acquired for the 2™ torsion mode that encountered the forced response problem in the
engine. However, data was acquired for several of the lower frequency modes, and this
benchmark data set is suitable for validation of unsteady aerodynamics and aeroelastic
analysis codes.

Forced Response Correlations

The TURBO code originally developed by Janus et al. (1989a, b) and Chen (1991, 1993)
at Mississippi State University is used for the present study. It is a three-dimensional,
unsteady, Reynolds-averaged, Navier-Stokes solver for modeling the flow through multi-
stage turbomachinery. The code is based on an implicit finite volume algorithm. A total
variation diminishing (TVD) scheme is used to evaluate the fluxes and Newton sub-
iterations are used at each time step to maintain high accuracy. A two-equation k-¢ tur-
bulence model is used for closure. Phase-lag boundary conditions, based on the direct-
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store method (Erdos et al., 1977) have been implemented in the TURBO code by Chen et

al. (1994), and these were utilized for the unequal blade count between the stator and ro-
tor.

Bakhle et al. (1996, 1997) developed routines to include the structural deflections in the
TURBO solver. These routines indirectly couple three-dimensional fluid and structural
dynamic models to permit flutter and aerodynamic damping analyses. This feature, how-
ever, is available for single-blade-row analyses only. The computations presented-in this
paper were conducted by utilizing two-blade-row solutions to determine the excitation
forces, and separate single-blade-row analyses to determine the aero damping.

For the high pressure turbine stage used in the present study, the upstream stator has 41
vanes and the downstream rotor has 78 blades (Figure 1). A representative computational
grid, consisting of an H-grid smoothed by a Poisson solver, is shown in Figure 2. The
stator and rotor grids are 95x43x37 (axial x radial x circumferential) and 93x43x37, re-
spectively. For clarity, Figure 2 shows the grids in multiple passages; the computational
domain actually includes only a single passage in each blade row.

Unsteady flow solutions are obtained for two different axial spacings between the stator
and rotor: 32% and 46% of stator chord, referred to as the small and large gap. Three
modes including mode 2 (first torsion, 1T), mode 3 (axial, 1A), and mode 4 (second
bending, 2B) are analyzed in this study. Table 1 provides a summary of conditions for
the TURBO analyses. In Bakhle et al. (2002), the present authors discuss in detail the
results from the unsteady aerodynamic analyses and present comparisons of the unsteady
pressure to measured values. Figure 3 provides a typical example of the correlation for
reference. The predicted and measured unsteady pressures are seen to be in fairly good
agreement, though some discrepancies can be noted. Additional comparisons can be
found in the previously cited reference. The primary focus of the present paper is the
comparison of vibratory strains.

Once the unsteady pressures have been calculated by TURBO, the vibratory strains can
be obtained by utilizing the mode shapes from a finite element model and values for the
damping. In the present case, a modal approach is employed where the product of the
unsteady pressures and the mode shape produce a modal force. This modal force is then
used in conjunction with the standard equations for a single-degree-of-freedom system to
determine the modal amplitude at resonance. This modal amplitude becomes a scaling
factor to be applied to the finite element results to determine the physical vibratory strain
distribution. Use of a single-degree-of-freedom approach is justified since the modes are
well separated and the damping is small.

Sample results are shown in Figure 4, which summarizes predictions on the suction sur-
face of the blade for mode 2 (1T) and mode 4 (2B). The plots provide the magnitude of
the first Fourier harmonic of the unsteady pressure, the magnitude of the modal dis-
placement (mode shape), and the magnitude of the first Fourier harmonic of the modal
force distribution. It is evident that there is a significant change in the unsteady pressures
for these two cases. The cases were run at different inlet pressures, and are at signifi-

3
7* National Turbine Engine High Cycle Fatigue Conference



Comparisons of Experimental and Computational Forced Response in a High Pressure Turbine

cantly different speeds and frequencies (refer to Table 1). The combination of the change

in unsteady pressures and different mode shapes provide drastically different distributions
of modal forces.

This modal force distribution is integrated over each surface of the blade, and the result is
used to determine the vibratory strains. For the initial calculations, the measured value of
total damping was used for the predictions. Figure 5 is a comparison of the measured and
predicted magnitude of the first Fourier harmonic of strain at each of the strain gage lo-
cations (hub, midspan, and tip). The first item to note is that the measured strains for all
modes is extremely small, even though these cases correspond to the small axial gap.
Typical failure levels of vibratory strain are on the order of 1000 u-in/in, and any level
below 100 w-in/in is usually considered to be “in the noise”. Unfortunately, all of the
measured strains are well below this value. Kielb et al. (2001a, 2001b) discuss this issue

in some detail and conclude that the signal-to-noise ratio in the measurements is ade-
quate.

Despite this concern, the predicted strains agree fairly well with the measurements over-
all. Modes 2 and 3 are predicted to have extremely small responses, which is in accor-
dance with the measurements. The measured response in mode 4 is significantly larger,
and this increased response level is also predicted. The direct comparison of the meas-
ured and predicted strains is quite good at the tip and midspan gages for all of the modes.
There is a substantially larger discrepancy at the hub gage, with the measurement consis-
tently much lower than the prediction for each mode. This discrepancy could arise from
many sources, but the most likely cause is the hub gage being located in the high strain
gradient region associated with the airfoil root fillet. Other potential causes include mis-
location of the gage (either in the test or the analysis), significant blade-to-blade varia-
tions in amplitude or mode shape, or changes in the mode shapes due to the blade modifi-
cations needed to accommodate the instrumentation. Further investigation is needed to
resolve this fundamental discrepancy.

In another portion of the experimental investigation, Kielb et al. (2001a) note a surprising
trend in that the vibratory strains for mode 4 actually increase as the axial gap is in-
creased. This result is opposite to intuition, and also to the behavior for the other modes.
However, this behavior is corroborated by predictions from TURBO. The results, sum-
marized in Figure 6, indicate very good agreement at the highest-reading midspan gage
location. Plots similar to those shown in Figure 4 indicate that, while the overall un-
steady pressures decrease significantly with the increase in axial gap, phasing effects
cause the net modal force to increase.

Damping Correlations

The predicted strains presented up to this point have utilized predicted values for the ex-
citation force, but the damping values were based on those measured during the rig tests.
We also want to assess the ability to predict the damping levels observed, and to conduct
forced response assessments based completely on calculated values. During the rig tests,
a series of tests were conducted using piezoelectric actuators to force individual blade
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vibration (Kielb et al., 2001a). Because these tests were conducted in vacuum, the pri-
mary contributor to damping is structural; in particular, the friction damping at the dove-
tail (there are no under-platform dampers).

The damping measurements for these in-vacuum tests can be compared to those run in air
during the forced response tests. The damping measured during the tests in air contains
contributions from both aero and friction damping; as usual, material damping is assumed
to be negligibly small. Since both sets of tests were run at vibration amplitudes of the
same order of magnitude, we can assume that the individual contributions to total damp-
ing remain constant. Therefore, the structural or friction damping is defined to be that
obtained from the in-vacuum tests, while aero damping is defined as the difference of the
in-air test and the friction damping. Each of these damping values was determined sepa-
rately for each mode based on averaging the available strain gage values presented in
Kielb et al. (2001a, 2001b). Measured results are only available for modes 2 and 4, and
the damping values are presented in Table 2.

TURBO is then used to predict values for the aero damping for a 41 nodal diameter
backward-traveling wave. The results are summarized in Table 2 and also in Figure 7.
The predicted values are significantly below the measurements for both modes where
values are available. It is worth noting, though, that even the predicted values indicate

that the aero damping is the primary contributor to the total damping, in agreement with
the experimental results.

One potential cause for the large discrepancy between the measured and predicted aero
damping values is that the rig test rotor did not behave as a tuned system mode (Kielb,
2002), as assumed in the TURBO analysis. Because of the small size of the blades, the
instrumentation and piezoelectric actuators caused a significant change in the blade fre-
quencies. As a result, the rotor behavior was much closer to individual blade resonances
than a tuned system response. To assess the impact on the predictions, each mode was
run through the full range of nodal diameters, with the results summarized in Figure 8.
Using the notion of influence coefficients (Crawley, 1988), this result was Fourier trans-
formed to obtain the reference blade contribution. This contribution corresponds to the
blade self-damping term and should be a good approximation to the behavior of the rotor
as described. However, due to the small changes in damping that occur over the nodal -
diameter range, we found that this value was not significantly different than the tuned
value for 41 nodal diameter. See Figure 9 for a direct comparison.

The vibratory strains were then predicted using the excitation forces calculated by the
coupled forced response analysis, the predicted aero damping, and the measured friction
damping. The aero damping values corresponding to 41 nodal diameter were used. The
results are compared to the measurements in Figure 10. Given the discrepancies in the
damping predictions, it is not surprising that the reasonably good correlation presented in
Figure 5 has deteriorated considerably. It is obvious that continuing work is needed to
resolve these inconsistencies in the damping.
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Summary and Conclusions

Overall, the predicted vibratory strains are in fairly good agreement with the measure-
ments as long as the measured damping values are used. This indicates that the predic-
tions of the excitation forces are reasonably accurate. However, significant discrepancies
occur in the predictions of aero damping, which are off by a factor of approximately 3 to
4. This causes a corresponding change in the predicted vibratory strain when the pre-
dicted damping is utilized. Perhaps most importantly the analysis -- regardless-of the
precise assumption for damping -- predicts that the response in each of these modes
should be very small, as verified by the rig testing. It is extremely unfortunate that the
instrumentation was lost in the rig before the mode that has demonstrated large responses
in the engine could be reached. The extremely low vibratory responses of the rig tests do
raise concerns in their use for code validation purposes. The low responses bring another
level of complexity to the already extremely challenging task of obtaining on-blade
measurements. However, the research lab has investigated this issue and concluded that
the signal-to-noise ratio is adequate.

We found that the measured and predicted strains, when using the measured damping
values, correlated well at the tip and midspan gage locations but there were sizable dif-
ferences at the hub gage. This appears to indicate that there is a difference in the relative
strain readings between the rig tests and the corresponding finite element model for each
mode, which is likely due to the gage being located in a high strain gradient region near
the airfoil root fillet. This discrepancy must be resolved before an improvement to the
correlation can be attained.

The work presented in this paper is part of an overall correlation effort to determine the
capabilities of the TURBO code to predict flutter and forced response. The work is in the
early stages, and the results presented here should be taken as a current status of initial
results rather than a final conclusion. The main purpose of conducting these validation
efforts is to identify areas that need improvement, either in the modeling approach or in
the code itself. The results of this study should be helpful in guiding future development
in both modeling and code enhancements.

There is still a significant amount of raw data remaining from the series of rig tests that
have yet to be fully reduced and analyzed, consisting primarily of strain gage data for
those cases not presented here. The authors of this paper encourage further data reduc-
tion and analysis of the measurements so that the results of this important and unique ex-
perimental effort can be fully exploited.
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Figure 1. High pressure turbine rotor used
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Figure 2. Grid used for unsteady aero

in study. computations.
Rotasions| Frequency | Inlet Pres- Pressure Axial
Run Mode Speed . ;
(RPM) (Hz) sure (Pa) Ratio Spacing

) 2(1T) 10100 6900 289590 1.6 32%
14 207 10100 6900 289590 1.6 46%
1 3(14) 15000 11100 289590 2.1 32%
11 3(14) 15000 11100 289590 2.0 46%
4 4 (2B) 19500 13300 558495 2.1 32%
16 4 (2B) 19500 13300 565390 2.1 46%
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Table 1. Summary of conditions used in TURBO calculations.
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Figure 3. Example of correlation of predicted and measured unsteady pressures.
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Unsteady Pressure, 1 Harmonic Magnitude
(a) Mode 2 {(b) Mode 4

Modal Force, 1% Harmonic Magnitude
(e) Mode 2 {f) Mode 4

Figure 4. Distributions of unsteady quantities for Mode 2 (1T) and Mode 4 (2B). The suction
surface is shown in each plot, with the LE to the right. Blue indicates a value of zero, while red
regions are the maximum.
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Mode 2 Mode 3 Mode 4

a Measured
w Predicted tip |

- B Measured|
m Predicted

@ Measured|
| m Predicted

10 20 0 10 20 30 40 50 60 70 80
Vib Strain Vib Strain Vib Strain

Figure 5. Comparison of measured and predicted vibratory strains {u-in/in). The predicted val-
ues were obtained by using the calculated unsteady forces and the measured total damping.

Mode 4

Large Gap ,

Measured
.| m Predicted

Small Gap

T T T

0 20 40 60 80 100 120
Vib Strain

Figure 6. Change in Mode 4 (2B) response level (u-in/in) with increased axial gap.

: Mode 2 Mode 4
~ Damping Measured Predicted Measured Predicted
Aero 1.09 = 0.49 0.25 0.35 = 0.09 0.12
Friction 0.12+0.01 |- 012 0.09 = 0.01 0.09
Total 1.21 +0.50 0.37 0.44 = 0.10 0.21

Table 2. Comparison of measured and predicted damping levels (C%).
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1.2

Aero Damping (%)

Measured
m Predicted
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Figure 7. Comparison of measured and predicted aero damping levels.
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Figure 8. Variation in aero damping through
entire nodal diameter range for all three modes.
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Figure 10. Comparison of measured and predicted vibratory strains (u-infin). The predicted val-
ues were obtained by using the calculated unsteady forces and aero damping with the measured

friction damping.
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Figure 9. Aero damping comparison for 41
nodal diameter backward-traveling wave

and reference blade contribution.
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